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In Brief
Mourier et al. report extremely high shark biomass in pristine Fakarava pass, French Polynesia, producing an inverted trophic pyramid. To escape such constraints, predators typically forage long range on multiple pyramids. This study presents a new mechanism in which subsidies directly come to predators in the form of spawning aggregations.
SUMMARY
The extent of the global human footprint [1] limits our understanding of what is natural in the marine environment. Remote, near-pristine areas provide some baseline expectations for biomass [2, 3] and suggest that predators dominate, producing an inverted biomass pyramid. The southern pass of Fakarava atoll-a biosphere reserve in French Polynesia-hosts an average of 600 reef sharks, two to three times the biomass per hectare documented for any other reef shark aggregations [4] . This huge biomass of predators makes the trophic pyramid inverted. Bioenergetics models indicate that the sharks require $90 tons of fish per year, whereas the total fish production in the pass is $17 tons per year. Energetic theory shows that such trophic structure is maintained through subsidies [5] [6] [7] [8] [9] , and empirical evidence suggests that sharks must engage in wide-ranging foraging excursions to meet energy needs [9, 10] . We used underwater surveys and acoustic telemetry to assess shark residency in the pass and feeding behavior and used bioenergetics models to understand energy flow. Contrary to previous findings, our results highlight that sharks may overcome low local energy availability by feeding on fish spawning aggregations, which concentrate energy from other local trophic pyramids. Fish spawning aggregations are known to be targeted by sharks, but they were previously believed to play a minor role representing occasional opportunistic supplements. This research demonstrates that fish spawning aggregations can play a significant role in the maintenance of local inverted pyramids in pristine marine areas. Conservation of fish spawning aggregations can help conserve shark populations, especially if combined with shark fishing bans.
RESULTS AND DISCUSSION
Extremely High Shark Biomass at Fakarava We described and quantified a large aggregation of reef sharks in the 17.5 hectares of the southern channel of Fakarava (Figure 1 ). French Polynesian atolls host healthy populations of sharks [11] that have been protected by law from local and international fishing since 2006. We first constructed a high-resolution bathymetry map using a multibeam sonar system to characterize the study site ( Figure 1 ) and georeferenced the aggregation of gray reef sharks, Carcharhinus amblyrhynchos, using a toweddiver methodology. Video-assisted underwater visual census surveys (n = 13), conducted as drift transects across the entire shark school, were used to provide a precise total shark census within the pass (June-December 2014). The total number of gray reef sharks fluctuated between 251 and 705 individuals (mean ± SEM = 491.7 ± 34.9) corresponding to a density of 14-40 sharks , ha À1 and a biomass of 37.54-112.51 g , m
À2
( Tables S1 and S2 ). These densities represent the highest ever documented for this species (previously reported maxima are $11 sharks , ha À1 [4] ). Considering all five shark species observed in the pass, abundance fluctuated between 438 and 892 individuals, representing a total biomass of 55.54-130.57 g , m À2 (Table S2) .
Shark Dietary Needs
The pass is the area over which we investigated the trophic pyramid. We examined local energy availability to understand how the extreme shark biomass is maintained. To assess whether the pass provides enough food for the sharks, we first described the trophic structure of the fish assemblage using biomass spectra. Data were obtained from underwater visual census (UVC) surveys [12] , from which we obtained estimates of the yearly fish biomass production using metabolic theory. Biomass spectra revealed that biomass tends to increase as body mass increases (slope = 0.51 ± 0.13; Figure 2A) ; i.e., there is an inverted biomass pyramid where typical prey biomass (132.33 g , m À2 ) in the pass roughly matches the predator biomass (130.57 g , m À2 ) ( Figure 2B ). Using species-specific parameters (Table S3) implemented within a bioenergetics model, we determined that depending on the season, the shark community needs to consume between 147 and 350 kg fish , day À1 ( Figure 3A ) to satisfy energy requirements. According to metabolic theory, we estimate the fish biomass production at about 17 tons per year, far lower than the 91 tons needed by sharks. During the study period, the average daily fish production (46 kg fish , day
À1
) never met shark needs ( Figure 3A ). Previous research [9] reported that the slope of biomass by mass class cannot be steeper than 0.25 unless the food web system is subsidized; the slope we computed from Fakarava is 0.51 (Figure 2A ). This raises questions as to where the subsidies are coming from, requiring us to observe shark foraging and feeding behavior. In particular, are resident sharks escaping the constraints of low energy availability by foraging outside the aggregation area, as documented at other pristine reefs [10] ?
Foraging and Feeding Behavior
We evaluated shark residency in the pass using acoustic telemetry to determine whether sharks are regularly leaving the pass to forage. Thirteen gray reef sharks were equipped with acoustic transmitters (Table S4) and were monitored by an array of six hydrophones ( Figure S1 ). Generalized linear mixed models (GLMMs) and generalized additive mixed models (GAMMs) applied to telemetry data resulted in higher probabilities of presence between May and October, with sharks spending significantly more time per day at the aggregation between June and October ( Figure S2 ). Overall, sharks showed different degree of residency (mean ± SEM = 42.21% ± 7.75% of days present in the pass; range = 2.1%-95.9%; Table S3), with three transient (<20% residency), six semi-resident (20%-70% residency), and four highly resident (>70% residency) sharks (Figure S2) . Although semi-resident sharks leave the pass between November and April, the remaining resident individuals account for an extremely high density (>14 sharks , ha À1 in December; Table S1 ). These sharks largely stay within the pass, and local prey cannot meet energy needs. Sharks are clearly more resident during austral winter than during summer, when they must range at larger scales. The significant increase of time spent in the pass in winter suggests a foraging strategy within the pass that ensures that energy needs are met. We conducted behavioral surveys at night to identify predatory interactions, enabling us to determine whether sharks are feeding, rather than only resting ( Figure 1 ). These observations confirmed that hundreds of sharks actively feed on a large variety of prey (at least 14 fish species; Figures 4 and S3). In particular, sharks feed aggressively on the large number of groupers present during spawning aggregations in June and July [13] . Shark abundance and residency times both increase when camouflage groupers (Epinephelus polyphekadion) arrive from the surrounding reef area to spawn. High shark densities last far longer than the spawning ( Figure 3A) . Dedicated visual censuses revealed that the spawning aggregation included up to 17,000 individual groupers (971.4 fish , ha À1 ), corresponding to $31 tons (775 kg , day À1 ) of potential prey available for sharks ( Figure 3A ). Due to their high trophic level, the massive input of groupers does not make the pyramid bottom heavy and results in an increase in the biomass spectrum ( Figure 2C ); i.e., the trophic pyramid becomes even more inverted. However, the spawning aggregation drastically decreases the shark-prey biomass ratio ( Figure 2D ) since the biomass of prey (311.45 g , m À2 ) far exceeds that of predators (130.57 g , m À2 ). Using the initial biomass of prey taken from UVCs, we simulated prey biomass through time as a function of fish production and shark consumption ( Figure 3B ). The model is based on the assumption that prey biomass will decline if sharks consume prey at a rate Figure S1 and Tables S1 and S2. that exceeds the rate of prey production [14] . Without considering any input from the spawning aggregation, the simulated biomass of prey declines rapidly after $75 days as prey are not sufficient to satisfy shark energy requirements. However, the biomass input from the grouper aggregation delays the collapse of prey for more than 30 days ( Figure 3B ). This delay allows sharks to survive at least until the next new or full moon, when surgeonfish, parrotfish, and other fish species form successive spawning aggregations [15] ( Figure S4 ).
Spawning Aggregations and Reef Shark Residency
The energetic cost of hunting outside the pass is high, and the success rate of predation is low [13] . Sharks in the pass are using fish spawning aggregations as energetic subsidies to reduce the need for costly foraging excursions outside the pass boundaries, enabling this energy to be directed to other physiological functions. This is a new mechanism by which the largest size classes can ''escape the tyranny of low energy availability'' [9] . Trebilco et al. present two mechanisms by which low energy availability is typically escaped: the largest predators (1) feed at sufficiently expansive spatial scales to ''skim the tops of multiple spatially discrete local biomass pyramids'' (i.e., foraging outside the pass, which we rarely observed) or (2) forage extensively at the bottom of ''widely dispersed and seasonally variable pyramids,'' which applies to whale sharks, but not reef sharks [9] . Shark foraging and feeding behavior in Fakarava pass indicates that the bottom and mid-sections of local biomass pyramids can come to the sharks, i.e., concentrating energy from a number of local pyramids.
Fish spawning aggregations are known to be targeted by sharks [13, 16] but were believed to only represent occasional opportunistic supplements. Our work demonstrates the potentially high importance of grouper spawning aggregations in the maintenance of local inverted pyramids in pristine marine areas. In addition, other fish species may constitute important subsidies during the year in this location ( Figure S4 ). However, our results also suggest that when the spawning aggregation subsidies become scarcer during summer and metabolic rate increases due to warmer waters, sharks shift to investing in foraging excursions to escape low energy availability in the pass. 
Conclusions
This study adds to the evidence that inverted biomass pyramids are an indicator of pristine marine ecosystems. However, these are temporary conditions; missing energy to fulfil predator needs is supplied by external subsidies, and fish spawning aggregations can play a critical role. Fish spawning aggregations have historically been heavily exploited, and many have been drastically reduced or depleted [17] . Although further research at other locations is required, our findings suggest that the overexploitation of spawning aggregations can fundamentally alter the natural predator-prey equilibrium, limiting foraging options for reef sharks within aggregation sites. The consequence is sharks being forced to undertake energetically costly widerrange foraging as the only option to meet energy requirements. The consequence of this high cost/low reward strategy (relative to feeding on spawning aggregations) is difficult to quantify but likely to be far from negligible [18] [19] [20] [21] . Our results offer a new perspective on the known negative linear relationship between shark density and human population density [4] , highlighting the role overfishing may play on these dynamics. Bans on shark fishing are a current trend (e.g., French Polynesia, Maldives, and Belize). Although our study relates to a single location with uncertain generality, long-term persistence of high shark densities depends on spawning aggregations, at least at this site. More generally, shark fishing bans are unlikely to prove sufficient to guarantee healthy shark populations if not jointly implemented with conservation plans for fish spawning aggregations.
EXPERIMENTAL PROCEDURES
Study System Mapping, Visual Censuses, and Shark Residency The study was conducted on the 17.5 ha southern channel (16 30 0 S 145 27 0 W; Figure S1 ) of the atoll of Fakarava in the Tuamotu Archipelago of French Polynesia. We used the multibeam sonar system (MBSS) GeoSwath coupled with a georeferenced audio towed diver to create a precise bathymetric map of our study location. We also delineated the spatial zones of the shark and grouper aggregations.
To assess the number of reef sharks in the pass, we developed a videoassisted method adapted to our study site. In June-December 2014, SCUBA diver observers entered the water $50 m upstream of the aggregation and filmed the shark school while drifting in the middle of the channel. We then counted each individual shark of any species progressively going out of the video frame screen (n = 3 counts). Whitetip reef shark (Triaenodon obesus) and blacktip reef shark (Carcharhinus melanopterus) minimum abundances were assessed using photo-identification [22, 23] . Shark foraging activity was filmed at night with a 4K Phantom Flex4K camera (500 frames/s), enabling identification of prey species.
A network of six VR2 acoustic receivers (VEMCO) was installed along the pass in June 2011 ( Figure S1 ). Sharks were captured within the pass, sexed, measured (total length, TL), and a V13-1x H (13 mm 3 36 mm, 11 g) coded acoustic transmitter (VEMCO) was surgically implanted into their peritoneal cavity. Receivers recorded the time, date, and transmitter number of each tagged shark passing within the 50 m radius detection range. Data recorded between July 20, 2011 and January 30, 2013 (561 days) were analyzed. For each tagged shark, a residency index was calculated by dividing the number of days it was present by the number of monitoring days (i.e., 561). We used a GLMM to examine the effects of time of day, season, and location on the presence of sharks in the pass. A GAMM was used to evaluate the effect of time of the year on the proportion of time per day sharks spent within the detection range of the receivers.
Bioenergetics Modeling
Daily shark food requirement or daily ration (g , day À1 ) was calculated using the equation
where DR is the daily ration (g , day À1 ), M (J , day À1 ) is the total energy of metabolism, G (J , day À1 ) is the energy for growth and reproduction, 1.37
represents the 27% of energetic loss due to excretion and egestion [24] , and F is the energy value of food sources (J , g À1 wet weight). Daily ration was calculated for each species using species-specific parameters, shark length distributions from capture sessions in the area [25] , or visual estimations and was then expressed as percent body weight W (i.e., DR 3 100 / W = %BW , day
À1
). After adjustment to the species-specific proportion of fish in the shark's diet (Table S4) , these values were used to estimate the total weight of fish requirement (kg) for all sharks per day in the pass.
Fish Biomass Estimates and Community Structure
Fish biomass was estimated using data from SCUBA belt transect surveys conducted during the Reef Life Survey (RLS; http://reeflifesurvey.com) from June 19-21, 2012 [12] . Fish abundance and size estimates were converted to biomass using length-mass conversion factors obtained from FishBase [26] . We restricted our analysis to fish size representative of prey size range for sharks (>12.5 cm TL). For community biomass spectra, individual fish Tables S3 and S4. were assigned to body mass classes (W) [27] , and body mass was summed for each class to determine a biomass (B) per unit area (g , m À2 ). The biomass spectrum was modeled as a linear regression model with the midpoints of the log 2 body-mass bins (log 2 (W)) as the predictor and log 2 (B) as the response. Total camouflage grouper (Epinephelus polyphekadion) density and biomass during spawning aggregation were estimated between June and July using a 25 3 25 m quadrat divided into four 6.25 3 25 m blocks in the middle of the aggregation.
Predator-Prey Interaction Model
The rate of annual fish production (P; g , ha À1 , year À1 ) was estimated by converting the body mass (W; g) of fish to rates of annual biomass production using the metabolic theory [28] as a function of body mass and temperature [28] [29] [30] as
where E is the activation energy of metabolism (0.63 eV), k is the Boltzmann's constant (8.62 3 10 À5 eV , K À1 ), and T is the temperature in Kelvin 300.5 K, equivalent to 27.5 C P was calculated for each fish in transect surveys, summed, and converted into a daily production DP Prey in kg , day À1 after being extrapolated to the scale of Fakarava pass. We then ran a simple dynamic model that investigates the evolution of prey biomass as a function of shark consumption based on energy requirements. See the Supplemental Experimental Procedures for more details on all methods presented in the sections above.
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